INTRODUCTION
Andesite series magmas have been explained as products of basaltic crystallization-differentiation, as partial melts of the deep crust or subducting slabs, and by composite scenarios involving crystallization, assimilation, mixing, and in certain cases, reaction with or direct derivation from mantle peridotite (Gill, 1981; DePaolo, 1981; Kelemen, 1990; Grove et al., 2005) . The multiplicity of interpretations stems, in part, from the complexity of the rocks that routinely carry features indicative of magma mingling and mixing, and that defi ne scattered whole-rock compositional arrays permissive of many explanations. Radiogenic and stable isotope measurements can be more discriminating, allowing for quantitative estimates of the magnitudes of different processes and components, but their successful use depends on suffi ciently large and representative sample suites, comprehensive major and trace element analyses, adequately precise isotopic measurements, and well-understood and well-characterized geologic settings.
Here we present results of a combined geochemical, isotopic, and geologic study of the origins of andesite series magmas from Mount Rainier, Washington State, in the Cascades magmatic arc of western North America. The study benefi ts from abundant samples collected during geologic mapping of the volcano, sparser sampling of small-volume Quaternary mafi c volcanic rocks erupted across southwest Washington, as well as representative samples of pre-Quaternary basement rocks. The study also benefi ts from improvements in the ease and precision of isotopic analyses that allow effi cient characterization of chemically ordinary and atypical samples. Our new data indicate that Mount Rainier's magmas incorporated small but variable amounts (typically ≤20 wt%, but up to 30 wt%) of evolved sedimentary rocks, or their partial melts, known to be present in the middle or lower crust, but that the predominant cause of magmatic diversity is multi-stage in situ crystallization-differentiation and mixing. This process involves magmatic replenishments incorporating advanced differentiates or low-degree partial melts from earlier magmatic pulses that stalled and nearly or completely solidifi ed. Because geology and structure infl uence the course of magmatic evolution at Mount Rainier, and the other major volcanoes of the region, we fi rst summarize the tectonic setting and geologic development of the southern Washington Cascades.
TECTONIC SETTING
Active volcanoes of the Cascade Range are products of northeasterly directed subduction of the oceanic Juan de Fuca plate beneath North America. The Juan de Fuca spreading ridge lies only 250-450 km from the volcanic-arc axis, along the direction of convergence, with the result that the subducting slab is one of the youngest and hottest worldwide (Hyndman and Wang, 1993; Syracuse et al., 2010) . In its southern portion, in northern California and southern Oregon, the arc is impinged upon from the east by the Basin and Range extensional province. In the north, westward defl ection of the continental margin along Vancouver Island, British Columbia (Canada), arches the slab beneath central and northern Washington State. Consequently, cross-arc strain (McCaffrey et al., 2007) passes from neutral or slightly extensional in the south to increasingly convergent moving northward, culminating with arc-normal convergence atop the arch in the subducting slab, as marked by uplift of the Olympic and North Cascades mountains. Volcanic output tracks these changes, diminishing northward as the hanging wall of the arc becomes increasingly compressional. Mount Rainier is situated within the transition from widespread diffuse mafi c volcanism in the south to widespread basement uplift and negligible mafi c volcanism in the north.
GEOLOGIC SETTING

Regional Cascades Geology
The geologic framework of the U.S. Pacifi c Northwest is important for understanding Cascades arc magmatism due to potential assimilation and crustal melting. Regional crustal domains ( Fig. 1) include the Siletzia Paleoceneearly Eocene submarine basalt province that fl oors the forearc basin west of the active arc from southernmost Vancouver Island southward through Oregon's Willamette Valley (Duncan, 1982) . Younger rocks conceal Siletzia's eastern margin, but the terrain boundary has been inferred from seismic velocity sections to underlie the St. Helens seismic zone (Parsons et al., 1998) , which passes beneath Mount St. Helens. In Washington, the unexposed deep basement abutting Siletzia on the east probably correlates with Mesozoic tectonite mélange of the Western and Eastern mélange belts that border the western margin of the North Cascades crystalline core to the north of Mount Rainier (Frizzell et al., 1987) . Quartz-rich sands and silts from the North American continental interior spread across present-day southern Washington and northern to central Oregon during the Eocene and partly buried the mélange and Siletzia basalts with fl uvial, deltaic, and shallow-marine sediments. These continent-derived sedimentary rocks form the Puget Group in southwest Washington, and the widespread Tyee Formation, among others, in Oregon (Buckovic, 1979; Heller et al., 1985) .
Cascades arc volcanism commenced intermittently and locally in the middle Eocene and became extensive and voluminous in the Oligocene and Miocene (Armentrout, 1987) . Oligocene volcanism in southwest Washington is manifest as the widespread andesitic Ohanapecosh Formation, overlain unconformably in the Mount Rainier region by silicic ash-fl ow tuffs of the 25 Ma rhyolitic Stevens Ridge Formation and the 22 Ma rhyodacitic tuff of Clear West Peak caldera (Vance et al., 1987; Tabor et al., 2000) . These late Oligocene and early Miocene ash-fl ow tuffs are largely overlain by, but also interfi nger with, andesitic volcanic rocks of the chiefl y Miocene Fifes Peak Formation. Granodioritic plutons then intruded the Tertiary volcanic section, represented at Mount Rainier by the 19-14 Ma Tatoosh intrusive suite and Carbon River stock (Mattinson, 1977; du Bray et al., 2010) . Rapid uplift of the Washington Cascade and Olympic ranges commenced ca. 10-12 Ma (Reiners et al., 2002) , shallowly unroofi ng the plutons, tilting the 16 Ma Columbia River fl ood basalts that onlap the eastern margin of the Cascade range, and incising the deep unconformity upon which the Quaternary volcanoes grew.
Local Geology of the Mount Rainier Area
Mount Rainier sits atop a broad, north-northwest-trending, internally folded synclinorium of Tertiary arc volcanic rocks, intruded by the Tatoosh plutonic suite, and is fl anked on the west and southeast by steep-sided north-northweststriking anticlinoria (Fig. 2) . To the west is the Carbon River anticlinorium cored by middle Eocene Puget Group arkoses, carbonaceous black shales, and local coal seams that dip steeply beneath, and fl oor, the Tertiary arc volcanic section. The base of the Puget Group is not exposed in the Carbon River area, but Stanley et al. (1994) presented geologic and geophysical evidence for a deformed thickness of 10-20 km, including postulated underlying marine shales that together create the southern Washington Cascades (electrical) conductor (SWCC). The Carbon River anticlinorium coincides with the west Rainier seismic zone, and seismic velocity sections (Stanley et al., 1999) show that it probably overlies the buried eastern margin of Siletzia, similar to the Morton anticlinorium and St. Helens seismic zone to the south (Parson et al., 1998) .
To the southeast is the White Pass anticlinorium ( Fig. 2) which is cored by the Late Jurassic-Early Cretaceous Rimrock Lake inlier of tectonite mélange composed of sheared dirty arkoses to graywackes, greenstone, minor chert, and tectonically bounded blocks and belts of intrusive rocks ranging from hornblende dioritic orthogneiss to cataclastically deformed biotite granodiorite (Miller, 1989) . Mesozoic mélange rocks are overlain unconformably on the west limb of the anticlinorium by the steeply west-dipping Eocene Summit Basalt, which is overlain by the arkosic Eocene Summit Sandstone, and then Oligocene andesitic rocks of the Ohanapecosh Formation (Vance et al., 1987) . Thus, Eocene continent-derived sedimentary rocks dip steeply beneath Mount Rainier both from the west and the southeast (Fig. 2) and are probably continuous beneath the volcano in the middle and perhaps lower crust, possibly underlain by Eocene-Paleocene non-arc basalts, all fl oored by Mesozoic sedimentary and igneous tectonite mélange, and disrupted by Tertiary and Quaternary igneous intrusions.
Distribution of Quaternary Volcanism in Southwest Washington
Quaternary arc volcanism is geographically segmented in southwest Washington, with the main stratovolcano chain of the Oregon Cascades projecting north across the Columbia River to andesitic Mount Adams, and diminishing progressively northward from there through the inactive Goat Rocks volcanic center, ending with small basalt, basaltic andesite, and dacite vents and fl ows between White Pass and Bumping Lake (Fig. 1) (Fig. 2) , only 6-7 km northnorthwest of the summit. This north-fl ank vent cluster erupted the olivine basaltic andesites of Spray Park, as well as distinctly amphibole-porphyritic spessartite andesite of the Russell Glacier, and spessartite-basaltic andesite hybrid lava of the Flett Glacier (spessartite is calc-alkaline andesite with a lamprophyric texture defi ned by phenocrysts of amphibole and with plagioclase restricted to the groundmass [Rock, 1987] ). The next vent north along the segment is at Windy Gap, 12 km from Mount Rainier's summit, which erupted the amphibole-olivine porphyritic spessartite lava fl ow of Bee Flat. Farthest north (outside the area of Fig. 2 ) are the basalt-basaltic andesite center of Canyon Creek (also known as the basalt of Three Sisters [Reiners et al., 2000] ) and the basaltic center of Dalles Ridge, respectively 27 km north-northwest and 31 km northnortheast of Mount Rainier's summit (Tabor et al., 2000) . Quaternary volcanic products are unknown for another 105-110 km northward until reaching small basalt and basaltic andesite fl ows shortly south of Glacier Peak stratovolcano. An outlier to the Mount St. Helens-Mount Rainier arc segment is an isolated Pleistocene dacite dome at St. Paul Lookout 26 km westnorthwest of Mount Rainier on the west limb of the Carbon River anticlinorium (Fig. 2) .
SAMPLE SELECTION AND ANALYTICAL METHODS
About 1100 Quaternary rock and tephra samples were collected from Mount Rainier and the surrounding region during geologic map- ping of the volcano. About 800 of these were powdered in alumina or agate shatterboxes and analyzed for major and trace elements by X-ray fl uorescence (XRF) at the U.S. Geological Survey (USGS), Denver, and later at Washington State University, Pullman (WSU), to support the mapping effort. Sixty-seven Quaternary volcanic rocks were selected from the greater sample suite for more comprehensive isotopic and geochemical study (Table 1) . Samples chosen for this additional analysis typify the main compositional trend of Mount Rainier's eruptives, or are samples with atypically high or low concentrations of one or more elements (K, Sr, Ba, Zr). Regional basalts and basaltic andesites were included to characterize potential parental magmas, and sixteen samples of Mesozoic and Cenozoic basement rocks were analyzed to investigate crustal infl uences on magma production (Table 2) . Basement samples were collected to be representative of preserved materials and therefore contain secondary carbonate, clay, and silica phases.
Concentrations of a broad suite of trace elements were measured in these samples and in many of the larger mapping-support sample suite by instrumental neutron activation analysis (INAA) mainly at the USGS, Denver, and later by inductively coupled plasma mass spectrometry (ICPMS) at WSU (Tables 3 and 4) . Methods, accuracy, and precision of USGS analyses are similar to those of Baedecker (1987) and Bacon and Druitt (1988) , and those for WSU analyses are available at http:// www .sees .wsu .edu /Geolab /note .html. Major and trace element concentrations were also determined for fi ve representative pumice bombs and for their separated glasses to assess the effects of crystal-melt separation (Table 5 ). These pumices consist of pyroxene andesites and hornblende-pyroxene dacites from Mount Rainier, and a zircon-bearing hornblende rhyodacite bomb from Glacier Peak, included because it is fresher and larger than similarly evolved tephra samples from Mount Rainier (Table 5) .
Isotopic values of Sr, Nd, and Pb (Tables 6  and 7) were measured on 25 mg splits of wholerock powders at the National High Magnetic Field Laboratory, Tallahassee, Florida. Lead, Sr, and Nd were separated from the same aliquot following the techniques outlined in Stracke et al. (2003) . Strontium isotope ratios were measured by thermal ionization mass spectrometry (TIMS) (Todt et al., 1996) .
Oxygen isotopes give some of the clearest indications of interaction with the hydrosphere and atmosphere, and therefore whether a magma has incorporated supra-crustal rocks. To investigate the possibility of crustal interaction, plagioclase phenocrysts were separated from Mount Rainier samples by magnetic and density methods, including a diamagnetic step to remove any vapor-phase or groundmass quartz, followed by removal of any adhering glass and groundmass by etching in dilute HF (7.5%) for 10 min while ultrasonicating, and then rinsing. The magnetic separation methods, in particular, select strongly against grains with mineral and melt inclusions, so the analyzed plagioclase separates are biased toward grains with simple textures and zoning that may be true phenocrysts and microphenocrysts. Also analyzed were olivine phenocrysts separated from two samples and cleaned by similar methods, and one atypically large quartz xenocryst from a regional basaltic andesite.
Mineral separates were analyzed for oxygen isotopes by laser fl uorination at WSU (Table 6) .
Oxygen isotope values were measured in duplicate or triplicate on ~2 mg splits loaded with standards in an 18-hole puck (6-8 standards, 12-10 unknowns). Before applying laser heating (Sharp, 1990) , two or three brief (~1.5 min) pre-fl uorinations were conducted to remove water molecules on mineral surfaces and on the internal walls of the sample chamber and the vacuum system. Tests have shown that no measurable oxygen was extracted during each short pre-fl uorination. Also, reproducibility of samples and standards was higher with the short pre-fl uorinations. Each sample or standard was then heated with a 20 W CO 2 laser, oxygen was liberated by reaction with BrF 5 (Clayton and Mayeda, 1963; Sharp, 1990) (Valley et al., 1995) , with analytical precision of 0.05‰ to 0.22‰ (1σ).
To further investigate potential crustal magmatic sources, oxygen isotope ratios of Mesozoic and Cenozoic basement whole rocks were also determined (USGS, Denver) by conventional BrF 5 fl uoridation in Ni reaction vessels (Clayton and Mayeda, 1963) . Upon conversion to CO 2 , oxygen isotopic values (Table 7) were measured on a Finnigan MAT 251 mass spectrometer, yielding an average value of 9.6‰ (VSMOW) for quartz standard NBS-28. Whole-rock measurements were not replicated, but typical reproducibility for the Denver facility is ±0.1‰-0.15‰ (1σ).
Pumice deposited in subalpine meadows around Mount Rainier is commonly hydrated and partly converted to authigenic clays by reaction of glass with organic acid-rich pore waters. Such samples are excluded from consideration based on low whole-rock analytical totals (<98 wt%), except for a hydrated rhyodacite pumice deposit that is the sole biotite phenocrystic product known from Mount Rainier; its plotted major oxide composition (analysis 95SR446* in Table 1 ) was reconstructed from point-counted modes coupled with electron microprobe analyses of minerals and glass (Kirn, 1995) .
RESULTS
General Character of Mount Rainier's Magmas
Most of Mount Rainier's magmas ascended through an axial magmatic system underlying the main edifi ce, and erupted from the summit or from upper-and mid-fl ank vents fed by radial dikes. The axial products are predominantly (77%) calc-alkaline andesites (57-63 wt% SiO 2 ), with lesser (23%) dacites (63-68 wt% SiO 2 ), and a sole rhyodacite pumice fall deposit (<<1%) (Fig. 3) . No known fl ows or tephras of basaltic andesite (52-57 wt% SiO 2 ) or basalt (<52 wt% SiO 2 ) erupted through the axial magmatic system. Porphyritic andesites and dacites are the norm, dominated by phenocrysts of, in decreasing abundance, plagio- clase, orthopyroxene, and clinopyroxene, with microphenocrysts of FeTi oxides and apatite. Amphibole is absent to minor in most andesites, becoming abundant in relatively high-K 2 O andesites, and also in the higher-SiO 2 dacites and rhyodacite. Olivine is seen irregularly in hand sample and thin section in rocks with SiO 2 as great as 59 wt%, but sparse rounded olivine grains are routinely recovered in mineral separates from higher-SiO 2 samples, probably as relicts from magma mingling. Other minor mineral phases include a Cu-Fe magmatic sulfi de (typically preserved only where included in phenocrysts), minute zircon grains in the more evolved dacites and rhyodacite, biotite phenocrysts solely in the rhyodacite pumicefall deposit but as a trace groundmass phase in thick and well-crystallized andesite-dacite lava fl ows, and traces of resorbed phenocrystic quartz in an evolved dacite.
Evidence for magma mingling in the form of fi ne-grained quenched magmatic inclusions (enclaves; Bacon, 1986 ) is widespread in Mount Rainier's eruptive products. Quenched magmatic inclusions (QMIs) are commonly 4-8 cm across, fi ne grained, sparsely vesicular in their interiors, and contain <10% phenocrysts of olivine (or orthopyroxene or amphibole in some higher-SiO 2 QMIs), commonly accompanied by traces of resorbed phenocrysts entrained from the host magma. Compositions of QMIs overlap those of Mount Rainier's lavas and tephras, but extend the suite to lower SiO 2 concentrations (Fig. 3) , consisting of andesites (77%) and basaltic andesites (22%), with only one basaltic QMI having been found. Nearly all Mount Rainier eruptives contain sieve-textured phenocrysts and phenocrysts with overgrown internal resorption surfaces, as are commonplace in calc-alkaline andesitic magmas worldwide, recording magma mingling and mixing events (Sakuyama, 1981) . Accompanying the complex grains in variable proportions, however, are idiomorphic phenocrysts and microphenocrysts with few resorption features. At the extreme are rare lava fl ows of non-porphyritic andesite in which texturally simple non-sieved mineral grains range continuously from groundmass up to ~0.5 mm. These fl ows result from infrequent eruptions of phenocryst-free andesitic liquids, as opposed to crystal-laden andesitic magmas whose phenocrysts betray their complex origins. Additional magmatic products are medium-grained inclusions of vuggy gabbronorite to quartz diorite, up to 20 cm across, that characterize some lava fl ows; U-Pb ages of zircons from these inclusions indicate that they are Pleistocene plutonic products of Mount Rainier's magmatic system . True xenoliths of pre-Quaternary rocks are exceptionally uncommon.
Vents on the north fl ank of Mount Rainier (Fig. 2) erupted magmas distinct from those of the axial magmatic system, consisting of olivine basaltic andesites and amphibole-phenocrystic spessartite, as well as basaltic andesite-spessartite hybrids. North-fl ank basaltic andesite compositions plot overlapping the fi eld of QMIs (Fig. 3) . These basaltic andesites result from eruptions of some types of mafi c magmas that replenish Mount Rainier's axial magmatic system, but that bypassed it by ascending 6-7 km laterally to its side, whereas basaltic andesites ascending through the axial magmatic system only reach the surface as QMIs after having mingled with the andesites and dacites that dominate the axial system. Six to seven kilometers is therefore a maximum limiting estimate of the radius of the axial andesitic system. Northfl ank basaltic andesite compositions also overlap the high-SiO 2 portion of the fi eld of regional basalts and basaltic andesites of the southern Washington Cascades.
Major Oxide Compositions of Mount Rainier-Region Quaternary Volcanic Rocks
Major oxide trends of Mount Rainier's magmas ( Fig. 3 ) are familiar from calc-alkaline andesitic suites worldwide (Gill, 1981; Thorpe, 1982) , with simple, near-linear arrays of de creasing concentrations of MgO, CaO, FeO*, and TiO 2 with increasing SiO 2 . Considering only eruptives from Mount Rainier's axial magmatic system, concentrations of K 2 O increase continuously from basaltic andesite QMIs to andesites to dacites, but with greater K 2 O diversity at higher SiO 2 . Defi ning its calc-alkaline character, FeO*/MgO of the Mount Rainier suite is low and increases only modestly with increasing SiO 2 . Although most of the suite has Mg# [100 • molar Mg/(Mg + ΣFe)] from 65 to 50, absolute MgO concentrations are generally <6 wt%, dissimilar to high-Mg andesite localities of the Cascades, such as Mount Shasta (California) (Grove et al., 2005 (Leeman et al., 1990 Conrey et al., 1997; Smith and Leeman, 2005) . Similarly, the relatively high-K north-fl ank spessartite lavas have the highest P 2 O 5 concentrations of magmas erupted in the immediate vicinity of Mount Rainier.
Trace Element Features of Quaternary Volcanic Rocks
Trace element features of Mount Rainier eruptives are also familiar from convergentmargin calc-alkaline suites elsewhere in the Cascades and worldwide, being enriched in light rare earth elements (LREEs), with low concentrations of Nb and Ta, and somewhat less depleted in Zr, Hf, and Ti, relative to Ba, Rb, K, U, and Th (McKenna, 1994; Stockstill et al., 2002; Sisson and Vallance, 2009 ). Concentrations of strongly incompatible trace elements Rb, Ba, U, and Th increase broadly with whole-rock SiO 2 , with trends that are paralleled by pumice-glass tie lines (Rb and Ba are illustrated in Fig. 4) . Concentrations of plagioclasecompatible Sr and Eu decrease with increasing whole-rock SiO 2 , also parallel to pumice-glass tie lines. Strontium concentrations are diverse in (Fig. 4) . Concentrations of Y, Zr, and Nb increase steeply and monotonically with SiO 2 for Mount Adams samples, but decrease with SiO 2 , overall, at Mount St. Helens, albeit with scatter (Fig. 4) . Pumice-glass tie lines correlate with mineral assemblage and overall degree of pumice evolution, with glasses from pyroxene andesite and hornblende-pyroxene dacite being enriched in Zr, Nb, Y, and SiO 2 relative to their bulk pumices, similar to the Mount Adams suite, but glass in zircon-bearing hornblende rhyodacite being depleted in Zr and Y, enrichment retarded in Nb, and strongly enriched in SiO 2 , similar to Mount St. Helens eruptives.
Radiogenic and Oxygen Isotope Variations of Quaternary Volcanic Rocks
Mount Rainier samples have a limited range of radiogenic isotope values ( Quaternary mafi c lavas of the Cascades are divisible into "calc-alkaline" types with moderate to strong subduction trace element signatures, "low-K olivine tholeiites" that resemble many back-arc-basin basalts in their low concentrations of incompatible elements (also known as "high-alumina olivine tholeiites"), and "within plate"-type basalts that are chemically similar to basalts erupted at intraplate ocean islands (Leeman et al., 1990 Hart et al., 1984; Bacon et al., 1997; Conrey et al., 1997 Oxygen isotope results for Mount Rainier plagioclase phenocrysts range from 5.7‰ to 7.2‰, averaging 6.40‰ ± 0.28‰ (Fig. 6) . Plagio clase was also separated from a Quaternary gabbronorite inclusion, yielding a relatively low δ 18 O value of 5.4‰, and olivine phenocrysts separated from two north-fl ank basaltic andesites have δ
18
O values of 5.4‰ and 5.6‰, similar to olivine phenocrysts from Mount Adams and from southern Washington Cascades calcalkaline basalts (Fig. 6) . Bulk-magma δ
O values calculated either by the CIPW normative mineral approximation (Eiler, 2001; Bindeman et al., 2004) or from measured or estimated phase compositions (Zhao and Zheng, 2003) give effectively identical results, with bulkmagma estimates slightly less than measured plagioclase values for the most mafi c samples, and slightly greater than measured plagioclase for the most evolved samples (Fig. 6) . Measured plagioclase and estimated bulk-magma δ
O values increase modestly with degree of magmatic evolution (SiO 2 ), albeit with signifi cant scatter. Linear regression through the array yields a characteristic increase for bulk magmas of ~0.05‰ per wt% SiO 2 , from a δ
O value of ~6.0‰ at 55 wt% SiO 2 , and with outliers of up to ±0.7‰. 
Geochemical and Isotopic Results from Basement Rock Samples
The diversity of southwest Washington basement rock types is refl ected in their wide-ranging chemical and isotopic compositions (Tables 2,  4 , and 7). Most evolved are samples of Eocene Puget Group arkoses with high SiO 2 (>80 wt%) and with Nd, Sr, Pb, and O isotopic values consistent with a continental interior provenance that includes abundant Precambrian materials. These rocks are similar to Eocene sandstones elsewhere in the U.S. Pacifi c Northwest (Heller et al., 1985) and to continental interior sediments supplied to the Cascadia accretionary complex via the Columbia River (Prytulak et al., 2006 (Table  7) , albeit with greater scatter around the Mount Rainier array (Fig. 5) . They are distinct, however, in having bulk-rock δ
18
O values greater to much greater (7.4‰-11‰), and in one instance much less (0.4‰), than Mount Rainier plagioclase or inferred bulk-magma values (Fig. 6) .
Remaining basement samples are an atypically large (~1.5 cm) quartz xenocryst with a high δ Mount Rainier eruptives. Small quartz xenocrysts (to ~2 mm) are sparse but widespread in calc-alkaline basaltic andesites of the southern Washington Cascades.
INTERPRETATIONS Isotopic Evidence for an Evolved Crustal Assimilant
The Mount Rainier Sr-Nd-Pb isotopic arrays are elongate toward the values of Mesozoic and Eocene sedimentary basement rocks and signal the incorporation of a component or components derived from the old continental interior. Subduction of evolved sediments and their processing through primary magmas is another possibility, but the δ
18
O values of 6‰-7‰ calculated for Mount Rainier andesites and dacites indicate assimilation in the crust, as does the rough correspondence between isotopic values and magmatic evolution (SiO 2 ). Estimating amounts of crustal-level assimilation requires specifying representative assimilant and unmodifi ed parental magma characteristics. Two primary (unmodifi ed) magma approximations employed herein are calc-alkaline basalts with weak and strong subduction trace-element signatures, referred to for convenience as low-Sr/Y and high-Sr/Y, respectively (Table 8) . These compositions are generalized after many analyses of Cascades basalts and basaltic andesites (data sources in captions of Figs. 3 and 5), and are intended to be illustrative, not unique; the magmatic system is probably fed by a continuum of primitive magmas between and beyond these model parents. In isotopic and trace element characteristics, the low-Sr/Y parent plots in the region of overlap between calc-alkaline basalts and the combined fi eld of low-K tholeiites and within-plate basalts (Figs. 5 and 7) ; it has isotopic values similar to the least radiogenic (and sole basaltic) Mount Rainier QMI. The high-Sr/Y model parent has isotopic characteristics similar to the mid-point of the calc-alkaline basalt fi eld (Fig. 5) , but with trace element abundances designed, in part, to bracket the Mount Rainier suite (e.g., high-Sr/Y, Fig. 7) . The fi rst assimilant considered is simply Eocene Puget Group arkose.
Mixing lines from both prospective mafi c parents to Eocene Puget Group arkoses trend along the axes of the Mount Rainier Pb arrays (Fig. 5) . For the low-Sr/Y parent, the majority of Mount Rainier samples would require ~10-20 wt% arkose assimilation to match their Sr-Nd-Pb isotopic values, with the maximum assimilation of ~30 wt%. The high-Sr/Y parental end member has higher (model) concentrations of Sr, Nd, and Pb, so its isotopic values are less sensitive to assimilation, but those isotopic values are also more similar to those of the Mount Rainier suite. These factors result in a wider range of estimated amounts of assimilation, from none up to nearly 30 wt% (Fig. 5) , but with most of the samples requiring ≤20 wt% assimilation. Thus, using either parent, typical amounts of assimilation would be inferred as ~10-15 wt%, with maximum amounts of assimilation of less than 30 wt%. Oxygen isotope results give similar estimates for the common extent of assimilation. Assimilation of 9-20 wt% arkose would be required to produce the average Mount Rainier andesite-dacite δ Pb too diverse, to produce the narrow and simple Mount Rainier Sr-Nd-Pb isotopic arrays.
Oligocene and Miocene arc rocks from the local Mount Rainier area plot along or fl ank the Mount Rainier Sr-Nd-Pb isotopic arrays (Fig. 5) . Assimilation of such materials would accordingly be diffi cult to recognize from radiogenic isotopes, but the Oligocene and Miocene samples are generally not more evolved isotopically than the Mount Rainier array, so their progressive assimilation did not cause the Mount Rainier isotopic trend. The Oligocene and Miocene samples also have high, and in one instance very low, δ Pb probably also results from assimilation of evolved sediments derived from the continental interior, as inferred for the Quaternary magmas. O, consistent with greater extents of assimilation, whole-rock SiO 2 concentrations increase too much, relative to isotopic values, to have resulted predominantly from bulk assimilation of sediment or sediment partial melt into basalt (Fig. 6) . Bulk assimilation of Puget Group rocks also would fail to match observed arrays of isotopic values versus various trace element ratios (Fig. 7) . Instead, crystal-melt segregation processes within the Mount Rainier magmatic system are likely to have caused much of the magmatic compositional diversity, but trace element variations preclude predominantly classical progressive crystal fractionation. Progressive growth and separation of pyroxenes and plagioclase from mafi c parents, producing andesitic to dacitic daughter liquids, would be expected to increase concentrations of Y, Zr, and Nb in residual liquids, and would cause their incompatible trace element ratios (e.g., Ba/Zr) to hold nearly constant. Andesitic pumice-glass pairs behave in this fashion, as do basaltic andesites through dacites from Mount Adams (Fig. 4) . At Mount St. Helens and Mount Rainier, however, concentrations of those elements increase only modestly and irregularly (Zr, Nb), or diminish (Y), passing from basaltic andesites to dacites and rhyodacites. A version of in situ crystallization-differentiation in the crustal roots of the magmatic systems, accompanied by mixing between the resulting evolved liquids and the replenishing mafi c to intermediate injections, may account for this trace element behavior, and may be the dominant magmatic differentiation process at Mount Rainier, and possibly also Mount St. Helens.
Crystallization-Differentiation
For in situ crystallization-differentiation, portions of a magmatic system solidify to high degrees and then deliver evolved liquids to other less solidifi ed and evolved parts of the system (Langmuir, 1989) . The primary signature of in situ differentiation is that chemical effects of advanced crystallization appear in magmas that are, in other respects, too primitive. As originally proposed, in situ differentiation was applied to a single magma reservoir crystallizing along its margins, but herein it is generalized to encompass a complex magmatic system. For long-lived intermittently fed magmatic systems, like Mount Rainier's, small magma batches that stall in the crust can solidify quickly to advanced degrees, potentially too fast for progressive separation of crystals from melt. If such intrusions are in the middle and deep crust, however, they may remain close to the solidus due to high ambient temperatures, as well as from heat supplied from earlier and subsequent intrusions. Thermal models of small, deepcrustal intrusions indicates that evolved silicic liquids residual from advanced crystallization persist for long times, and thus, have the high- est probabilities of extraction (Dufek and Bachmann, 2010) . Pumice-glass pairs show (Fig. 4 , Table 5 ) that at high degrees of melt evolution, Zr becomes compatible due to zircon saturation, Y and the middle to heavy REEs become compatible probably due to amphibole and apatite saturation, and Nb becomes only weakly incompatible probably due to incorporation by FeTi oxides (see Supplemental Item 1 in the GSA Data Repository 1 for trace element partitioning values estimated from pumice-glass pairs). Residual liquids at advanced extents of solidification therefore have high SiO 2 concentrations, but can have low concentrations of Zr and Y, and only weak enrichments of Nb. Subsequent magma replenishments transiting such mushy or wholly solidifi ed antecedent intrusions can preferentially incorporate their highly differentiated liquids, encompassing both residua from advanced solidifi cation and low-degree partial re-melts, leading to the overall trace element trends observed at Mount Rainier and probably also Mount St. Helens. At times, larger intrusions may form and undergo progressive crystal-fractionation due to slow cooling rates, enriching their evolved magmas in Y, Zr, and Nb (e.g., biotite rhyodacite sample 95SR446), introducing scatter in concentration plots. Progressive crystallization-differentiation may also account for the P compositional distribution that peaks at intermediate SiO 2 , with a well-defi ned upper SiO 2 limit interpretable as an apatite saturation surface (Fig. 4) . Smith and Leeman (1993) proposed a similar "braided stream" confi guration for the intermittently replenished Mount St. Helens magmatic system, with andesites forming chiefl y as mixtures between dacite and basalt or basaltic andesite. A difference, however, is that they interpret the silicic component as due to anatexis of amphibolites or mid-ocean ridge basalt (MORB)-like rocks in the deep crust, accompanied by subordinate continent-derived sediments (Smith and Leeman, 1987) , whereas here the evolved component is identifi ed as mainly residual liquids from earlier Mount Rainier magmas that stalled and solidifi ed to advanced degrees. Such evolved residual liquids are the melt complements to antecrysts increasingly recognized in magmatic systems (Reid et al., 1997; Hildreth, 2001; Charlier et al., 2005) including Mount St. Helens (Claiborne et al., 2010) .
The widespread gain (or loss) of an evolved component that has undergone apatite and zircon fractionation is seen in a plot of P/K versus Zr/K (Fig. 8) . Fractionation of apatite, along with plagioclase, mafi c silicates, and FeTi oxides, drives liquids to low P/K, with only modest reduction in Zr/K (due to Zr being slightly less incompatible than K). Andesites and dacites from Mount Adams behave in this manner, consistent with progressive crystallization-differentiation, as do andesite pumice-glass pairs. Zircon fractionation drives liquids to low Zr/K. Arc andesites and dacites routinely contain apatite but rarely contain zircon due to high temperatures and insuffi cient Zr concentrations (Fig. 4) . Nevertheless, Mount Rainier andesites and dacites defi ne an array of jointly decreasing Zr/K and P/K, trending toward rhyolitic glasses that have undergone zircon and apatite crystallization (Fig. 8) . Incorporation of such an evolved component thus appears to have been widespread.
Assimilation-Fractional Crystallization (AFC)
As magma assimilates country rock, heat is consumed by increasing the temperature of the assimilated material and by fusing its minerals. Magmatic crystallization chiefl y provides that heat (Bowen, 1928) , inspiring chemical-isotopic-thermodynamic models of joint assimilation-fractional crystallization (AFC) (DePaolo, 1981; Bohrson and Spera, 2007) . Although widely used, such models require many choices of assimilant composition(s), crystallizing proportions, mineral/melt element partitioning, and accessory mineral saturation, making it diffi cult to assess the robustness of results. A conservative AFC model assimilating average Puget Group arkose into the generalized parental calc-alkaline basalts produces Sr-Nd-Pb isotope arrays little different from the two-component (Puget Group-basalt) mixing lines that trend through the Mount Rainier andesite-dacite suite (Fig. 5) . Puget Group AFC would be unsuccessful, however, in matching trends of Ba/La and Ba/Zr (Fig. 7) due to the broadly similar values of those element ratios in calc-alkaline parents, Puget Group sedimentary rocks, and the low and similar mineral/melt partitioning for those elements during plagioclase + pyroxene ± olivine crystallization. Smith and Leeman (1993) showed that similar AFC calculations do not match Ba/La and K/La trends for Mount St. Helens basalts through dacites, but that two-component mixing between mafi c and evolved St. Helens magmas is more successful. Numerically, twocomponent mixing can be considered a special case of AFC wherein the mass assimilation rate (Ṁ a ) greatly exceeds the mass crystallization rate (Ṁ c ), or r = Ṁ a /Ṁ c 1 (DePaolo, 1981) . Because latent heats of crystallization and of melting are similar, r 1 would seem to violate conservation of energy; however, for in situ differentiation, the material being assimilated is molten, carrying heat residual from its parent magma(s), so the latent heat of fusion costs are diminished or absent, reducing the extents to which the replenishing magmas must crystallize. Compositional and isotopic variations can therefore more closely approach simple mixing arrays.
Combined In Situ CrystallizationDifferentiation and Assimilation
A refi ned model wherein evolved residual melts mix with replenishing mafi c parents produces a closer chemical and isotopic match to the Mount Rainier magmatic suite (Fig. 7) . In nature, such residual liquids might span from silicic dacite or rhyodacite to rhyolite, depending on local circumstances, but for modeling and illustrative purposes we consider rhyolite. 1 GSA Data Repository item 2014027, Oxygen isotope fractionation during magmatic differentiation, and trace element partitioning estimated from pumice-glass pairs, is available at http:// www .geosociety .org /pubs /ft2014 .htm or by request to editing@ geosociety.org. Nd of the cognate residual component is similar to the model calc-alkaline basaltic parents (0.51295). Thus, for an in situ differentiation scenario, the rhyolitic component could consist of roughly one-quarter to one-third material derived from continental sediments, with three-quarters to two-thirds derived by advanced differentiation or low-degree partial melting of mafi c intrusions similar to Quaternary calc-alkaline basalts near Mount Rainier.
The majority of Mount Rainier samples plot in the range of 20-40 wt% admixed in situ rhyolite component, with maximum values slightly less than 70 wt% (Figs. 6 and 7) . Many samples plot outside the compositional space bracketed by the model mixing lines, probably due in some cases to progressive crystallization-differentiation, to atypically high or low amounts of sediment assimilation, or to distinct magma sources (low 206 Pb/ 204 Pb Mount St. Helens-like samples). Although the in situ differentiation scenario implies large amounts of admixed evolved liquid, the amount of sediment-derived component is generally low, consistent with earlier estimates of bulk sediment assimilation. The average magma erupted through Mount Rainier's axial magmatic system has a SiO 2 concentration of 61.7 wt% (Table 1; McKenna, 1994; Stockstill et al., 2002; Sisson and Vallance, 2009; Sisson, unpublished Nd, not seen in Mount Rainier magmas, and thus appears to be minor. Instead, sedimentary rocks or their melts are the predominant old crustal material assimilated at Mount Rainier, albeit in small amounts, probably due to the great thickness of Puget Group sediments (Stanley et al., 1994) , their structural displacement to middle-to-lower crustal depths, the melt fertility of shales, and possibly the low density of sediments retarding the ascent of transiting small magma batches (Fig. 9) . Antecedent deep intrusions from the Quaternary Mount Rainier system are, however, the chief source of evolved components because those intrusions are the hottest materials in the area, and because they are situated along the pathways of subsequent ascending magmas.
Minimum Intrusive to Extrusive Proportions
The above estimates, while admittedly broad, show that roughly one-third to one-half of the average Mount Rainier magma could be silicic liquid entrained from deep intrusions, and this allows estimates of the minimum intrusive to extrusive proportions. Based on experiments, arc basalts that solidify or re-melt in the deep crust can yield up to 15-25 wt% rhyolitic to rhyodacitic liquid, with amounts varying with basalt bulk composition and oxidation state (Sisson et al., 2005) . From these mixing proportions and melt-yield fractions, the intrusive portion of the Mount Rainier magmatic system can be estimated as at least 0.7-2.8 times the eruptive volume. Assigning a 10 wt% yield of silicic liquid from deep-crustal mafi c intrusions increases the minimum intrusive-to-extrusive ratio to 3-4.5. An independent estimate comes from comparing the K 2 O concentration of 1.76 wt% for average Mount Rainier magma, with K 2 O of 0.52 wt% for an average of ~400 Quaternary Cascades basalts with MgO ≥8 wt%. Treating K 2 O as perfectly incompatible, and ignoring contributions from old crustal sources quantifi ed as small, gives a minimum intrusive to extrusive ratio of 2.4. Thus, the geochemically estimated intrusions are equal to, or up to as much as nearly fi ve times, the erupted mass. True intrusive-to-extrusive proportions will be greater than these estimates because intrusions will not completely expel their interstitial liquids, and because part or all of some magma batches can solidify underground without supplying fractionated liquids to magmas that erupt.
Crustal-Level Composition of the Mount Rainier Magmatic System
As modeled, the net magmatic fl ux into the crust would be basaltic, and the average composition of the magmatic system would be basaltic andesite due to modest assimilation of sediment or sediment partial melt. Widespread eruption of basalt across the southern Washington Cascades, albeit in small volumes (Hammond and Korosec, 1983; Leeman et al., 1990) , as well as eruptions of basalt through the mainly dacitic Mount St. Helens system (Smith and Leeman, 1993) are evidence that basalt is supplied to the roots of stratovolcano systems in southern Washington. For Mount Rainier, however, evidence is weak for a net basaltic (sensu stricto) fl ux into the crust, as shown by the absence of basalt erupted from proximal vents, and the near absence of basalt as QMIs. Instead, primary basalts may arrest in the deep crust or upper mantle beneath the mushy andesitic crustal magmatic system where they undergo modest progressive crystallization, producing basaltic andesite differentiates (Fig. 9) . Coupled with assimilation, this process indicates that the mean composition of the crustal magmatic system may therefore be andesitic. Pb (Halliday et al., 1983; Leeman, 1987, 1993 (Stanley et al., 1995) , whereas Mount St. Helens straddles the St. Helens seismic zone identifi ed as overlying Siletzia's buried eastern margin (Parsons et al., 1998) , consistent with lower contributions from Siletzia basement to the Mount Rainier magmatic system. Mount Rainier is also farther from a possible offset in the subducted Juan de Fuca plate imaged at 90 km depth by S-wave tomography (Schmandt and Humphreys, 2010) , so subordinate infl uence from slab-edge melts is also possible. (Defant and Drummond, 1990 ), but their high K, Rb, and Ba concentrations are inconsistent with melts from subducted MORB crust. A spessartite (sample 97ML657) and a spessartite-basaltic andesite hybrid (97ML656) are also indistinguishable isotopically from ordinary amphibole-poor or amphibole-free Mount Rainier andesites (Table 6 ). Deep progressive fractionation of parental Mount Rainier magmas, involving garnet and little or no plagioclase, may account for the spessartites, as interpreted for some adakite-like magmas elsewhere (Macpherson et al., 2006; Rodríguez et al., 2007) . The Mount Rainier spessartites are not strongly depleted in Y or Yb, so some additional mineral phase, probably pyroxene, accompanied garnet; nor are the spessartites enriched in Ti, Ta, and Nb commensurate with their enrichments in K, Ba, Rb, Sr, P, and Th, so some Ti-rich phase, such as ilmenite or rutile, would also have to have crystallized. Deep fractionation enriched the liquids in H 2 O, as well as incompatible trace elements, explaining the absence of plagioclase phenocrysts and abundance of amphibole phenocrysts. Spessartites have not erupted through Mount Rainier's axial magmatic system, but a general observation is that at any SiO 2 value, Mount Rainier's higher-K rocks are more likely to have amphibole phenocrysts and to be relatively enriched in Sr, consistent with spessartites feeding into and mixing with axial magmas.
Mount
A Common Southern Washington Cascades Isotopically Primitive Arc End Member
A further notable fi nding of this study is that there is a common and restricted Sr-Nd-Pb isotopic fi eld for Quaternary volcanic rocks of Mounts Adams and Rainier, southwest Washington calc-alkaline mafi c lavas, and Oligocene and Miocene arc igneous rocks (Fig. 5) Fig. 5 ), but coincides with the center of the isotopic fi eld defi ned by Quaternary low-K olivine tholeiites and within plate-type basalts from southwest Washington and northwest Oregon. Low-K olivine tholeiites and within plate-type basalts of the Cascades have, at most, weak subduction contributions (Leeman et al., 1990) , so their isotopic values can be taken as representative of the ambient upper mantle beneath the U.S. Pacifi c Northwest. Voluminous basalts of the Paleocene-early Eocene Siletzia terrain share this isotopic fi eld (D. Pyle, 2008, personal commun.) , showing that shallow mantle with such characteristics underlay the region at least as early as the inception of arc magmatism in the Eocene. The Pb isotopic diversity of the U.S. Pacifi c Northwest subarc mantle, as indicated by Quaternary low-K tholeiites and within plate-type basalts, and of Siletzia contrasts with the uniformity of the isotopically primitive Mount Rainier-Mount Adams subductionrelated end member, and a resolution may be that the primitive subduction-related end member is an average of the ambient upper mantle beneath the region. Sediment subduction may then account for the displacement of some calcalkaline basalts toward continental isotopic compositions, but this is diffi cult to distinguish from crustal-level assimilation of Eocene sandstones and shales, recorded by widespread trace quartz xenocrysts.
CONCLUDING REMARKS
Mounts Rainier, Adams, and St. Helens each produce andesite-dacite series magmas, but by somewhat different processes. Mount Rainier's magmas show isotopic evidence for variable but modest assimilation of isotopically highly evolved crustal materials. Magmatic evolution chiefl y takes place, however, by in situ fractionation and mixing, wherein magma batches stall in the crust along an intrusive plexus beneath the volcano where they crystallize largely or completely; subsequent magmas that ascend through these antecedent intrusions entrain and mix with their residual liquids and partial melts. This intrusive plexus transects a synclinorium where Puget Group sandstones and shales are at middle or deep crustal levels, and therefore are hot, accounting for their assimilation. Intermittent, modest magma supply over long time periods leads to the in situ differentiation and mixing style of magmatic evolution.
Mount Adams magmas, in contrast, have little Sr-Nd-Pb isotopic evidence for crustal assimilation, although Os results do record crustal interaction not readily distinguished by other measurements (Jicha et al., 2009 O of Mesozoic (meta-)igneous rocks that core the White Pass anticlinorium; Mesozoic mélange basement therefore does not appear to be assimilated in signifi cant amounts. Mount Adams magmas also have a different differentiation style in that they become enriched in Zr, Y, and Nb with increasing SiO 2 , consistent with progressive fractional crystallization of plagioclase and mafi c silicates. Mount Adams is the largest late Pleistocene-Holocene volcanic fi eld along the Cascades arc axis (Hildreth and Lanphere, 1994) , so it may be fed by magma batches that are suffi ciently large or frequent that their intrusions cool slowly, allowing gradual and progressive separation of melt from crystals.
Finally, though highly active over the last ~4000 years, Mount St. Helens is a small volcanic system with prolonged spans of quiescence (Mullineaux, 1996; Sherrod, 1990; Clynne et al., 2008) . With evolution, its magmas typically have even lower Nb, Y, and Zr than those from Mount Rainier, consistent with strongly in situ differentiation and mixing of small magma batches. Puget Group sedimentary rocks are exposed to the north of Mount St. Helens in the Morton anticlinorium and are inferred in the subsurface geophysically (Stanley et al., 1994) . Crustal interaction has long been recognized as accompanying the evolution of Mount St. Helens magmas (Halliday et al., 1983; Leeman, 1987, 1993) . Assimilation of Puget Group sedimentary rocks may account for Mount St. Helens's isotopic diversity, but its parental magmas also differ from the common parent magma type fueling Mounts Rainier and Adams. Mineral compositions for Mount Hood andesites also signal mixing between more and less evolved materials (Kent et al., 2010) , consistent with an in situ differentiation and mixing process.
These geologic, geochemical, and isotopic observations highlight some ways that geologic setting and magma supply infl uence the generation of andesite-dacite magmas. High and sustained magma supply, and refractory basement rocks, can generate andesite and dacites by straightforward progressive crystallization-differentiation (Mount Adams). A similar parent, but with lower magma supply and the presence of fertile rocks in the mid-deep crust promotes modest and variable assimilation and generates andesite and dacites mainly though in situ differentiation and mixing processes (Mount Rainier ). An even lower and less sustained magma supply leads to an even stronger in situ differentiation and mixing signal (Mount St. Helens).
